ABSTRACT The Ca-ATPase in the cardiac sarcoplasmic reticulum membrane is regulated by an amphipathic transmembrane protein, phospholamban. We have used time-resolved phosphorescence anisotropy to detect the microsecond rotational dynamics, and thereby the self-association, of the Ca-ATPase as a function of phospholamban phosphorylation and physiologically relevant calcium levels. The phosphorylation of phospholamban increases the rotational mobility of the Ca-ATPase in the sarcoplasmic reticulum bilayer, due to a decrease in large-scale protein association, with a [Ca2+] dependence parallel to that of enzyme activation. These results support a model in which phospholamban phosphorylation or calcium free the enzyme from a kinetically unfavorable associated state.
INTRODUCTION
Because of their complexity, most studies ofbiological membranes have focused on the characterization of individual components. However, a full understanding of membrane function requires the study of how membrane proteins interact with one another to establish a functional system. The modulation of the Ca-ATPase in cardiac sarcoplasmic reticulum (SR) by phospholamban (PLB) presents an interesting model for the study of such interactions. The CaATPase relaxes muscle by coupling ATP hydrolysis to the transport of two Ca2" ions across the SR membrane (Inesi et al., 1980) . PLB (Tada and Katz, 1982; Simmerman et al., 1986) , an integral membrane protein present in cardiac but not skeletal fast-twitch muscle, inhibits the Ca-ATPase at sub-micromolar ionized calcium but has little or no effect at or above micromolar Ca2+. ,B-Adrenergic-induced phosphorylation of PLB relieves this inhibition. It has been proposed that a physical interaction between the protein and the Ca-ATPase is altered upon PLB phosphorylation -thereby relieving an inhibitory influence (James et al., 1989) .
Our efforts to test this hypothesis have been stimulated by our studies of molecular dynamics and interactions in skeletal SR, in which the Ca-ATPase is highly homologous to the cardiac enzyme, but PLB is not present so the pump is not regulated. Using EPR and phosphorescence spectroscopies, we showed that Ca-ATPase enzymatic activity is quite sensitive to protein-protein interactions in skeletal SR, with decreased protein rotational mobility (due to increased Ca-ATPase association) correlating with decreased enzyme activity (Squier and Squier et al., 1988a,b; Thomas, 1990 ; reviewed by Thomas and Mahaney, 1993 , and by Thomas and Karon, 1993) . In particular, the inhibition of the Ca-ATPase by melittin, a basic amphipathic peptide that is structurally related to PLB, is due primarily to the electrostatically induced aggregation of the Ca-ATPase in the plane of the SR membrane (Mahaney and Thomas, 1991; Voss et al., 1991) . We subsequently found that the rotational mobility of the Ca-ATPase in cardiac SR is greatly reduced in relation to the enzyme in skeletal SR, due to large-scale aggregation of the enzyme in the plane of the membrane, and we proposed that this is due to the presence of unphosphorylated (inhibitory) PLB in this system (Birmachu et al., 1993) . The key technique in this study was time-resolved phosphorescence anisotropy (TPA), which provides quantitative information about the rotational mobilities and mole fractions of different oligomeric species in the membrane (Birmachu and Thomas, 1990) .
In the present study, to correlate more precisely the function and rotational dynamics of the cardiac Ca-ATPase, we report the effects of PLB phosphorylation on the rotational dynamics and association state of the enzyme, as measured by TPA, and we compare quantitatively the effects on enzyme function. Based on the results, we propose a model for the physical mechanism of Ca pump regulation in the heart.
MATERIALS AND METHODS SR vesicle isolation
Dog cardiac SR membrane vesicles, containing both junctional and tubular SR, were isolated according to Jones and Cala (1981) . Briefly, dog left ventricular tissue (-190 g) was homogenized three times for 30 s in 10 mM NaHCO3 with a Polytron. SR vesicles were collected as the membranes sedimnenting at 45,000 X g for 30 min. After extraction with 0.6 M KCl, 30 mM histidine, pH 7.0, the vesicles were pelleted by centrifugation at 45,000 X g for 30 min and resuspended in 0.25 M sucrose, 30 mM histidine, pH 7.2. The vesicles were frozen in small aliquots and stored at -40°C. Vesicles stored in this manner were stable indefinitely. Protein concentrations were determined by the biuret method (Gornall et al., 1949) , using bovine serum albumin as a standard.
Ca uptake assay
To obtain accurate measurements of initial Ca uptake rates at submicromolar free calcium, we devised a spectrophotometric assay involving the chromophoric calcium chelator DFBAPTA, the 5-5'-difluoro derivative 190 Calcium Pump in Heart of 1, 2-bis(o-aminophenoxy)ethane-N, N,N',N'-tetraacetic Fig. 1 , determined from a linear leastsquares fit to the initial linear time range) was divided by the protein concentration to obtain the specific calcium uptake activity. This method of Ca uptake measurement allows for true initial velocity determination, resulting in transport values higher than typically reported using filtration assays over several minutes (Chamberlain et al., 1983 
ERITC labeling
For phosphorescence experiments, the Ca-ATPase in SR vesicles was specifically labeled on lysine 515 with ERITC as described previously (Birmachu and Thomas, 1990 ). This procedure results in specifically labeling of Lys 515 on the Ca-ATPase in both skeletal and cardiac SR (Birmachu et al., 1993) . ERITC labeling of this residue results in enzyme inactivation, probably due to the label's occupation of the nucleotide binding site (Birmachu and Thomas, 1990) . Extensive studies with skeletal SR labeled at the same site with a very similar probe (fluorescein isothiocyanate) show that the enzyme is otherwise unperturbed, has normal calcium binding, and goes through the normal calcium-pumping enzymatic cycle with less bulky substrates such as acetyl phosphate (Teruel and Inesi, 1988) . It has also been shown that the enzyme's rotational dynamics are not affected by ATP binding (Lewis and Thomas, 1991 (Birmachu et al., 1993) . Specificity of phospholamban phosphorylation was measured from aliquots taken directly from assay and spectroscopy samples, combined 1:1 with gel dissociation medium (60 mM Tris, 15% SDS, 20% glycerol, 0.1% s s s f f I f Voss et al. 191 Volume 67 July 1994 bromphenol blue) and placed on dry ice. A total of 10-15 ,ug SR protein were loaded per lane onto an 8% SDS-PAGE gel, 1.5 mm thick. The gels were then dried and placed in an 8 X 10 inch x-ray developing cassette containing Kodak X-OMAT XAR-5 film and a DuPont Cronex intensifying screen. Regions on the gel corresponding to the exposed regions on the developed film were cut and scintillation counted, corrected for background, and compared against the total counts using 10 ,ul of the ATP cocktail diluted to 0.5 mM. Fig. 2 
Time-resolved phosphorescence anisotropy
The experimental and analytical procedures for TPA of skeletal and cardiac SR have been described in detail previously (Birmachu et al., 1993) . Phosphorescence experiments were carried out in a solution containing 60 mM KCI, 1 mM MgCl2, 10 mM EGTA, 50 mM MOPS, and an amount of CaCl2 resulting in the desired ionized calcium level (Fabiato, 1988) , pH 7.0 (25°C). Before TPA data collection, oxygen was enzymatically removed from the sample (0.2-0.4 mg/ml) in a sealed 1-cm quartz cuvette with 100 ,ug/ml glucose oxidase, 15 ,ug/ml catalase, and 5 mg/ml glucose for 10-15 min, as described previously (Birmachu et al., 1993) . The spectrometer used to obtain TPA decays was described previously (Ludescher and Thomas, 1988 It has been shown previously (Birmachu and Thomas, 1990 ) that the TPA of ERITC-SR is dominated by the uniaxial rotation of the labeled CaATPase about an axis normal to the bilayer. For this model, each different rotational diffusion coefficient should give rise to a biexponential decay component (Kinosita et al., 1984 ; reviewed by Thomas, 1986 ), but it has been shown that a single-exponential approximation is sufficient to describe the decay for each rotating species in ERITC-SR (Birmachu and Thomas, 1990) . Then, as long as the probe orientation relative to the protein is the same for all proteins, the mole fraction (f,) of probes in the ith rotating species, having rotational correlation time (i is given by
Effects of PLB phosphorylation on calcium uptake PLB phosphorylation at Ser-16, by cAMP-dependent protein kinase, stimulates sarcoplasmic reticulum (SR) Ca uptake up to fourfold, depending on the calcium level (Fig. 4) , in agreement with previous studies (Tada and Katz, 1982 (Toyofuku et al., 1989) . (6) where f1 is the fraction of probes (proteins) that are immobile on the time scale of the experiment (Birmachu et al., 1993) .AO, is the residual anisotropy of a reference sample for whichf1 = 0 and describes the extent to which the probe's motion is restricted in angular range, due to the fixed angles Oma. and 0me of the probe's absorption and emissions transition moments relative to the membrane normal: = P2(cos2Oma)P2(cos22me) (7) A = P2(COS20ae)(7 where P2(x) = (3X2 -1)/2, and Oae is the angle between the absorption and emission transition moments (Lipari and Szabo, 1980) . Ao,, has been shown to be 0.22 for ERITC-Ca-ATPase in skeletal SR (Birmachu and Thomas, 1990) , and is assumed to be the same for cardiac SR (Birmachu et al., 1993) .
The rotational diffusion coefficient (Di) for uniaxial rotation of a cylindrical membrane protein can be expressed as a function of the membrane lipid viscosity (71), the temperature (T), and the effective radius (a) of the portion of the protein in the bilayer (Saffman and Delbruck, 1975 (Squier et al., 1988a,b) and phosphorescence anisotropy (Birmachu and Thomas, 1990 ). The lipid viscosity q is essentially the same in skeletal and cardiac SR (Birmachu et al., 1993) , so PLB has no significant effect on lipid viscosity. Therefore, any PLB-dependent changes in the observed rotational correlation times must be due to changes in the effective radius (a in Eq. (Birmachu and Thomas, 1990) . Thus the distribution of oligomeric species is given by the fractions f, (Eq 6) . The fraction of proteins in immobile species f, determined from the residual anisotropyA., thus corresponds to protein aggregates so large that they undergo little or no rotational diffusion in the 1 ms time window of the TPA experiment.
Since the correlation time of a Ca-ATPase monomer or dimer is on the order of 10-20 ,us, these immobile aggregates must contain more than 10 Ca-ATPase molecules (Birmachu and Thomas, 1990; Voss et al., 1991; Birmachu et al., 1993 times and mole fractions of the various sizes of protein aggregates in the membrane (Birmachu and Thomas, 1990; Voss et al., 1991; Birmachu et al., 1993) . The fits to multiexponential decays (Eq. 5, Eq. 6), whose motion is too slow to detect on the 1-ms TPA time scale (Birmachu and Thomas, 1990; Voss et al., 1991; Birmachu et al., 1993) . Table 1 shows that this decrease in A. is accompanied by a slight decrease in A3, corresponding to a decrease in the mole fraction of large but mobile oligomers (f3 in Eq. 6), and substantial increases in Al and A2, corresponding to an increase in the mole fraction of monomers and smaller oligomers (fi and f2 in Eq. 6). The anisotropy decays do not decay completely to a constant value during the time window of observation (Fig. 5) , so the extrapolated values forA,, obtained from fits may have systematic errors not included in the statistical uncertainties given in Table 1 . Nevertheless, the relative A. values for the different samples, on which most of our conclusions are based, are probably reliable, since they did not depend significantly on the time window included in the fit. As discussed in METHODS, A. changes can be due to either changes in large-scale aggregation (f1 in Eq. 6), as assumed here, or in probe orientation relative to the membrane normal (Eq. 7). We cannot rule out completely the possibility that PLB (or PLB phosphorylation) causes a protein conformational change on the Ca-ATPase that results in a change in probe orientation without a change in the protein's rotational mobility. However, previous TPA and EPR studies on both skeletal and cardiac SR indicate that immobilization due to aggregation is a much more likely explanation (Birmachu and Thomas, 1990; Voss et al., 1991; Birmachu et al., 1993) . For example, both TPA and EPR, with probes attached to different sites, show that the Ca-ATPase is less mobile in cardiac than in skeletal SR (Birmachu et al., 1993) .
The [Ca2+]-dependent effect of PLB phosphorylation on large-scale enzyme aggregation (Fig. 6 ) closely parallels the effect on enzymatic activity (Fig. 4) , supporting our hypothesis that Ca-ATPase mobility can predict the functional state of the enzyme. PLB phosphorylation has its largest effect on both enzyme mobilization (disaggregation) and activation at low (sub-micromolar) Ca2 , while having negligible effects on both at micromolar Ca2+. These results appear to contradict a previous report (Fowler et al., 1989) the phosphorescence data were not analyzed quantitatively, and the experiments were flawed by a low specificity of PLB phosphorylation.
Effects of Ca2+ alone
The quantitative correlation between enzyme disaggregation and activation is further supported by the effect of Ca21 in the absence of PLB phosphorylation. While phosphorylation has a substantial disaggregating effect at submicromolar
[Ca2+], micromolar Ca21 itself induces enzyme disaggregation in unphosphorylated cardiac SR (Fig. 6, triangles) , which parallels the activation of the pump (Fig. 4) . No Ca21 effect is observed on skeletal SR, which lacks PLB (Fig. 6,  squares) . This suggests that the physical PLB-enzyme interaction is mediated by calcium as well as phosphorylation, a conclusion consistent with the regulatory influence of PLB on the enzyme in the submicromolar Ca2' range (Fig. 4) .
Thus PLB enhances the calcium dependence of enzyme activation in cardiac SR. Consistent with the physiological demands of the system, high (micromolar) calcium (where calcium transport rates must be accelerated) relieves PLB inhibition of Ca uptake, regardless of PLB's phosphorylation state.
Molecular model
PLB is a 52-residue, primarily a-helical peptide, which probably exists in the SR membrane as a pentamer due to a tightly interacting hydrophobic transmembrane domain (Simmerman et al., 1986) . Phosphorylation of PLB results in neutralization of the basic residues clustered in the cytoplasmic domain of the protein, causing the pI to change from 11 to 7 (Jones et al., 1985) . This charge reversal is key to the mechanism of PLB regulation, as evidenced by the electrostatic dependence of regulation (Xu and Kirchberger, 1989; Chiesi and Schwaller, 1989) . Our model of PLB regulation, consistent with thermodynamic data on cardiac SR (Chiesi, 1979) , involves the restriction of the Ca-ATPase in a kinetically unfavorable associated state that can be reversed by either calcium or phosphorylation (Fig. 7) . It is possible that the basic residues of PLB interact with a regulatory calcium binding site on the Ca-ATPase. Inhibition by lanthanides, at cytoplasmic sites separate from the high-affinity Ca transport sites located in the transmembrane domain (Henao et al., 1992; Asturias and Blasie, 1991; Sprowl and Thomas, 1989) , may involve the same residues. However, our observations can also be explained by a preferential interaction between PLB and the Ca-free (E2) conformation of the enzyme, as proposed previously (James et al., 1989; Toyofuku et al., 1989) . Consistent with this hypothesis, we have found that PLB phosphorylation increases the tryptophan fluorescence of the Ca-ATPase, suggesting destabilization of E2 (unpublished observations). A cross-linking study (James et al., 1989) has identified a PLB-interaction region C-terminal to the phosphorylation domain of the enzyme. Mutagenesis has confirmed that this region, along with the residues in the nucleotide-binding/ hinge domain, must be conserved to maintain PLB regulation (Toyofuku et al., 1989) . The structural characterization of this site is of particular interest, since several ion pumps of this class are affected by basic amphipathic peptides (Voss et al., 1991; Mahaney and Thomas, 1991; Cuppoletti et al., 1992; Raynor et al., 1991; Cuppoletti and Abbott, 1990; Vorherr et al., 1992) . The mechanism proposed in Fig. 7 , showing a structural and functional perturbation of an integral membrane protein through interaction with an amphipathic peptide that affects protein self-association, may be FIGURE 7 Model for the increased rotational mobility (decrease in largescale aggregation) and relief of PLB-dependent inhibition of the CaATPase, following PLB phosphorylation. Phosphorylation neutralizes the positive charge on the basic cytoplasmic portion of PLB, thereby disrupting the electrostatic interaction between PLB and one or more negative charge clusters on the cytoplasmic domain of the enzyme. A similar disaggregation is produced by micromolar Ca2". Only two Ca-ATPase molecules are shown, but large-scale aggregation, involving 10 or more Ca-ATPase molecules (as indicated by the TPA data) may be required for inhibition. 195 important in a wide range of membrane functions. Correlation of function with molecular dynamics, measured with site-directed spectroscopic probes, will be essential for further testing and refining this hypothesis.
